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In this letter, we calculate numerically the emitter-collector gaps that maximize the power conversion efficiency of vacuum thermionic energy converters (TECs). The optimum arises because efficiency drops both at very large gaps, due to space-charge limitations on the TEC current, and at very small gaps, due to the increased parasitic heat loss via near-field radiative heat transfer. For typical TECs made with cesiated tungsten electrodes, the optimal gaps range from 900 nm to 3 lm and are approximately equal to the characteristic wavelength of the emitter thermal radiation, as given by Wien's displacement law. V C 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4707379] Thermionic energy converters (TECs) are heat engines that convert heat directly to electricity at very high temperatures, typically >1000
C. This energy conversion process is based on thermionic emission-the evaporation of electrons from conductors at high temperatures-and was first proposed in 1915. 1 In the 1950 s-1960 s, the first practical TECs with conversion efficiencies of 10%-15% were created, and in the subsequent two decades, both NASA and the Soviet space programs developed TECs as power sources for space missions. [2] [3] [4] [5] [6] These devices were fabricated using vacuumtube technology and had electrode gaps on the order of 100 lm, formed by precision machining.
The energy diagram of a TEC is shown in Fig. 1 . As the emitter is heated to high temperatures, the thermal distribution develops a long high-energy tail so that some electrons begin to overcome the work function barrier and evaporate from the hot emitter. The electrons can then cross the vacuum inter-electrode gap, condense at the relatively cool collector, and finally return to the emitter through an external load using the difference between the Fermi levels of the two electrodes to perform useful work. The thermionic currents, emitted from both emitter and collector, are governed by the Richardson-Dushman law.
Space charge between the electrodes can dramatically reduce the output power and efficiency of TECs because the electrons traversing the inter-electrode gap repel each other. For macroscopic gaps (>100 lm), the resulting additional energy barrier (Fig. 1) can reduce the output power and the conversion efficiency by many orders of magnitude. As a result, early TECs in the 1950s-1980s used ignited cesium plasma to neutralize space charge between the electrodes. Such plasma TECs achieved high output powers, but only at the cost of greatly increased complexity and decreased maximum efficiency. 4 As an alternative to using plasma, the deleterious effects of space charge can also be mitigated by making the interelectrode gap small enough so that there is not enough space to develop a significant additional energy barrier. It has long been known that such vacuum TECs can be more efficient than plasma TECs if micron-scale gaps are used (<10 lm). 2 This fact has been a motivation for recent efforts to develop microfabricated thermionic energy converters. [7] [8] [9] However, as we demonstrate in this letter, the gap can also be too small. At gaps of a few microns or less, the distance between the electrodes becomes smaller than the characteristic wavelength of thermal radiation, given by Wien's displacement law. As a result, the traditional StefanBoltzmann formula, valid only for far-field propagatingwave radiative heat transfer, can no longer be used. Instead, near-field evanescent-wave radiative heat transfer, which is sometimes referred to as photon tunneling, starts to dominate. The total radiative heat transfer can then be increased by many orders of magnitude, as recently demonstrated both theoretically and experimentally. 10, 11 FIG. 1. The energy diagram of the thermionic energy conversion process. E F;E and E F;C are the Fermi levels of the emitter and the collector, respectively. E Vac is the position-dependent vacuum level. u E and u C are the work functions of the emitter and the collector. u ME and u MC are the additional barriers due to space charge as seen from the two electrodes. V 0 is the voltage difference between two electrodes and -q is the electron charge. Q prop and Q Evan are the heat fluxes due to propagating-wave and evanescent-wave photons. Q lead is the heat flux due to conduction in the leads connecting the electrodes to the load. For given temperatures of the emitter and the collector, this increase in radiative heat transfer does not affect the output power of the TEC. However, it increases the necessary heat input to the emitter and therefore reduces its power conversion efficiency. The interplay between the effects of space charge and near-field radiative heat transfer means that there is an optimal gap (or a range of gaps) on the order of a few microns, which maximizes the energy conversion efficiency. We note that at much smaller distances, on the order of a few nanometers, electrons begin to tunnel across the gap, potentially resulting in another peak in efficiency. 12 However, in this letter, we focus on the currently experimentally feasible 9 micron-range gaps. In particular, we calculate the optimal conditions for electrodes made of cesiated tungsten, which have traditionally been used in TECs. [2] [3] [4] The energy conversion efficiency of a TEC can be written as follows:
where V 0 is the voltage difference between two electrodes, J net is the net electron current density, R lead is the total resistance of the leads between the electrodes and the external load ( Fig. 1 ), normalized to unit area, and Q total is the total energy flux between the emitter and the collector. According to the Richardson-Dushmann equation, the net current, J net , is the difference between the thermionic currents from the emitter and the collector
where J E and J C are the thermionic current densities from emitter and collector, respectively, and A is a materialsspecific Richardson-Dushmann constant, which we assume equal to the ideal value of 1:2 Â 10 6 Am À2 K À2 for simplicity. T E and T C are the temperatures of the emitter and the collector, respectively. The additional barriers, u ME and u MC ; are due to the electrostatic field created by the electrons between the electrodes and can be calculated using Langmuir's space-charge theory, 13 as described in detail in Sec.
of Ref. 3. The output voltage is then given by
The thermionic current originating from the collector, J C , corresponds to electrons flowing in the wrong direction, i.e., from the collector to emitter. The collector current becomes negligible (J C ( J E ) if the collector temperature is small enough; however, for some regimes of operation, the reverse current from the collector can become significant mechanism of energy loss, reducing the output power and conversion efficiency.
The net energy input into the emitter is equal to the total energy flux from emitter to collector, Q total ¼ Q thermionic þ Q prop þ Q evan þ Q lead , due to a number of fundamental energy carriers: thermionically emitted electrons (Q thermionic ), propagating-wave photons (Q prop ), evanescent-wave photons (Q evan ), and electron heat conduction in the leads (Q lead ). 
A part of this thermionic energy flux, namely, J net V 0 ; is converted to electricity with the rest deposited in the collector as heat when thermionic electrons are absorbed into the collector. The propagating-wave heat transfer is described by the familiar Stefan-Boltzmann law at large inter-electrode gaps. However, when two surfaces approach close enough such that the gap is on the order of the characteristic wavelength of thermal radiation given by Wien's displacement law, k ch % 2:9 Â 10 À3 m Á K=T E , the propagating-wave heat flux gets modified, but even more importantly, the evanescent waves from each surface begin to couple to each other and exchange energy. If the optical properties of both electrodes are known, the two components of the radiation heat flux can be calculated as follows:
s Prop ðx; b; e 1 ðxÞ; e 2 ðxÞÞdb;
s Evan ðx; b; e 1 ðxÞ; e 2 ðxÞÞdb;
where hðx; TÞ is the mean energy of a Planck oscillator at the angular frequency x; b is the parallel wavevector, which must be equal for both surfaces, e 1 ðxÞ and e 2 ðxÞ are the relative permittivities of the emitter and the collector, respectively, and s Prop and s Evan are the coupling coefficients for propagating and evanescent waves, which are defined in Ref. 10 . Historically, many TECs have been made of tungsten, whose optical properties in the infrared range, where most radiative heat transfer occurs, are described reasonably well by the Drude model 14 e ¼ 1 À r 0 =s e 0 ðx 2 þ ix=sÞ ;
where r 0 is dc conductivity and s is electron relaxation time. Since the dc conductivity depends on temperature, we used a 6th order polynomial to fit the published data of tungsten's resisitivity versus temperature. 15 The electron relaxation time was estimated as s ¼ 1=ðaT 2 þ bT 3 Þ with a ¼ 10 7 s À1 K À2 and b ¼ 2 Â 10 6 s À1 K À3 (Ref. 14). Since TECs are high-current devices, the electrical resistance of the leads that connect the electrodes to the external load should be optimized. 2 If the electrical resistance of the lead is too large, most of the potentially available output power will be wasted on Joule heating in the leads. Conversely, if the electrical resistance of the lead is too small, the heat conduction through the leads will be large, and maintaining the temperature of the emitter will require excessive input power. This is due to the Wiedemann-Franz law, which relates the minimum heat conduction through metal leads to the electrical resistance of the leads
where the Lorenz number L ¼ 2:24 Â 10 À8 WXK À2 . The optimal lead resistance that maximizes the conversion efficiency can be easily calculated analytically if all other parameters are known. 2 Using the formulas above, we numerically calculated the I-V curves, the maximum output power, and the other energy fluxes as a function of the interelectrode gap for any given values of T E , T C , u E , and u C . Fig. 2 shows one example, where T E ¼ 2000 K, T C ¼ 900 K, u E ¼ 2.67 eV, and u C ¼ 1.5 eV. We chose u C ¼ 1.5 eV because it is approximately the lowest work function obtainable for cesiated tungsten and u E ¼ 2000/750 ¼ 2.67 eV because it is approximately optimal for this emitter temperature. 2 For gaps above a few microns, space charge becomes significant, and the output power falls off rapidly. Conversely, for gaps below a micron, the total radiative heat transfer increases rapidly due to the evanescent-wave heat transfer. The thermionic energy conversion process is generally most efficient when the total energy flux is dominated by the thermionic component, Q thermionic , so that the ratio of output power to total energy flux is roughly constant.
The energy conversion efficiency can also be plotted versus gap for any given values of T E , T C , u E , and u C , as illustrated in Fig. 3 . As expected, the efficiency is small at both very large gaps and very small gaps and reaches the maximum at gaps on the order of a micron. In Fig. 3 , we also defined the optimal gap range, where the energy conversion efficiency is at least 0.9 of the maximum. The optimal gaps generally range from a few tenths of a micron to a few microns. Similar graphs were then generated by varying the emitter temperature from 400 K to 2600 K and assuming the emitter work function of T E ½K=750 eV, which is approximately optimal for vacuum TECs (see Sec. 2.8 of Ref. 2). In addition, the collector work function was varied from 0.5 to 1.5 eV to compare the efficiencies of tungsten micron-scale thermionic converters that could potentially be achieved in the future with more effective work-function-lowering coatings. For all work functions, we assumed that the collector temperature is u C ½eV Â 600 K, again because it is approximately optimal for TECs (Sec. The emitter work functions were assumed to be T E ½K=750 eV. The optimal gap ranges were from 300 nm to 6 lm for T E ¼ 1500 K, from 200 nm to 4 lm for T E ¼ 2000 K, and from 150 nm to 3 lm for T E ¼ 2500 K .   FIG. 4 . The maximum energy conversion efficiency versus the emitter temperature for collector work functions of 0.5, 1.0, and 1.5 eV. We assumed the emitter work function, u E , to be T E ½K=750eV, and the collector temperature u C ½eV Â 600 K. The inset shows the exergy efficiency (also known as the second-law efficiency), i.e., the energy conversion efficiency divided by the Carnot efficiency, 1 À T C =T E , for the corresponding emitter and collector temperatures.
( Fig. 4) and optimal gap ranges ( Fig. 5) versus the emitter temperature. The inset of Fig. 4 shows the second-law (exergy) efficiency, relative to the Carnot limit. Interestingly, a large overlap between the optimal gap ranges for all three different collector work functions could be found, corresponding to gaps from 900 nm to 3 lm (Fig. 5) . We note also that the middle of the optimal gap range is similar to the characteristic thermal radiation wavelength, k ch .
TECs made from materials other than tungsten will generally have different ranges of optimal gaps as the details of evanescent heat transfer depend on the optical properties of the electrodes. In fact, some materials manifest additional mechanisms of near-field heat transfer due to resonant surface waves. 16, 17 However, the optimal gaps are still likely to be on the order of a few microns for all materials because space charge generally becomes significant at gaps above 10 lm, and all mechanisms of near-field radiative heat transfer begins to dominate at distances of a few microns or less at the temperatures of interest to TECs. The significance of these results is that the optimal gaps of vacuum TECs can be conveniently achieved using MEMS fabrication technology. Moreover, at least for tungsten electrodes, microfabricated TECs have a relatively wide range of optimal gaps (more than an order of magnitude), indicating that they should be robust to changes in the gap during operation.
In summary, we have shown that due to the interplay between space charge and near-filed radiative heat transfer, there is an optimal inter-electrode gap that maximizes the energy conversion efficiency of vacuum TECs. The efficiency is typically maximized for gaps similar to the characteristic wavelength of thermal radiation of the emitter. For the particular case of cesiated tungsten electrodes, the efficiency is nearly optimal for gaps between 900 nm and 3 lm over a wide range of operating conditions. Microfabricated vacuum TECs therefore show great promise for achieving efficient conversion of heat directly to electricity and have potential application in topping cycles for concentrated solar thermal power plants. 9, 18, 19 This work was supported in part by DARPA seed grant no. W91CRB-10-1-0001, DARPA and Robert Bosch North America through the Center on Interfacial Engineering for MEMS (CIEMS), and BASF through the Stanford Energy and Environment Affiliates Program. FIG. 5 . The optimal gap range versus the emitter temperature at the same condition as Fig. 4 . The thick black line shows Wien's displacement law, k ch % 2:9 Â 10 À3 m Á K=T E ; to illustrate the relationship between optimal gaps and the characteristic wavelength of thermal radiation from the emitter.
